The pathogenesis of inherited cataracts of all kinds recapitulates the developmental and cell biology of the lens. Just as each novel mutation provides additional information about the structural or functional biology of the affected gene, each newly identified gene provides insight into the developmental and cellular biology of the lens. The set of genes currently known to be associated with cataract is far from complete, especially for age-related cataract, and there is much additional information to be discovered through further genetic studies.
The function of the eye lens is to transmit and focus light onto the retina, where it is detected by the photoreceptors and converted into visual signals. This is accomplished structurally by the lens architecture, consisting of a single layer of anterior epithelial cells that migrate during development toward the lens equator where they elongate, synthesize large amounts of lens crystallins, and finally degrade their organelles to form the central lens nucleus. While this process begins during embryogenesis, it continues at a slower pace throughout life, resulting in older fibers in the lens center, or nucleus, and younger cortical fiber cells constantly being layered at the equator (1) . As lens fiber cells lack organelles, it has been assumed that they cannot replace or turn over damaged proteins, so both the structure and stability of the lens crystallins and maintenance of strong cellular homeostatic systems are necessary to maintain normal lens function. However, recent evidence suggests that newly synthesized proteins might be present in the lens nucleus (2) , and that central nuclear fiber cells, largely restricted to glycolysis as an intrinsic energy source, receive metabolic support from the anterior epithelium through circulation of fluid, although this remains controversial (3, 4) . Disruption of any part of this delicately balanced system can result in cataract.
Cataract can be defined as any opacity or cloudiness of the crystalline lens (5, 6) . Opacity and light scattering result when the refractive index of the lens varies significantly over distances, approximating the wavelength of the transmitted light (7, 8) . Lens transparency is critically dependent on both the orderly arrangement of lens cells and the high density and close packing of their protein constituents (5) . Breakdown of the lens microarchitecture, including cellular disarray and vacuole formation, can cause large fluctuations in optical density, resulting in light scattering and cataract. Light scattering and opacity can also result from significant concentrations of high-molecular-weight protein aggregates of 1000Å or more in size. As lens crystallins make up over 90% of soluble lens proteins, their short-range ordered packing in a homogeneous phase is important for the maintenance of lens transparency.
Clinically, cataracts become important when they interfere with vision. They can be categorized by their age-at-onset: congenital or infantile cataracts within the first year of life; juvenile cataracts within the first decade of life; presenile cataracts before the age of 45 years; and senile or age-related cataract thereafter, although these boundaries are approximate and somewhat arbitrary. In addition, mild cataracts might not be seen for years after they occur, especially if they are asymptomatic. While the age-at-onset might provide some suggestions as to the etiology of a cataract, it does not necessarily imply a specific cause.
Congenital cataracts might be inherited or secondary to an intrauterine insult, and cataracts associated with a systemic or ophthalmic genetic disease may not occur until the second or third decade of life.
The timing or intralenticular location of an inherited cataract can provide clues regarding its genetic origin. Lens opacities generally tend to occur in cells and at times when high levels of a mutant protein are being synthesized. For example, γ-crystallins are relatively fiber cell-specific and are expressed early in development. Thus, they are a major component of primary fiber cells in the embryonic nucleus and mutations in them tend to be associated with nuclear cataract. While general tendencies such as this can be identified, mutations in different genes can cause clinically indistinguishable cataracts and identical mutations in the same gene can cause different cataract phenotypes. It appears likely that when mutations in crystallins or other lens proteins are sufficiently severe to cause protein aggregation or directly damage lens cells by themselves, they usually result in congenital cataract. In contrast, if mutations merely increase susceptibility to damage from light, hyperglycemia, oxidative stress or other environmental insults they might contribute to age-related cataract (9) . Thus, hereditary congenital cataracts tend to be inherited in a Mendelian fashion with high penetrance, whereas age-related cataracts tend to be multifactorial, with both multiple genes and environmental factors influencing the phenotype. Both the late onset and incomplete penetrance of agerelated cataracts make them significantly less amenable to genetic and biochemical study.
Congenital cataract
The incidence of congenital or infantile cataracts has been estimated to be about 72 per 100,000 children, with estimates varying from 12 to 136 and being generally higher in less-developed countries (10) . Hereditary cataracts usually account for between 8.3% and 25% of congenital cataracts (11) (12) (13) . Congenital cataracts may occur as isolated defects or may be associated with other anterior chamber developmental anomalies such as microphthalmia or aniridia. Lens opacities may also be part of multisystem genetic disorders such as chromosome abnormalities, Lowe syndrome, or Nance Horan Syndrome. In some cases, this distinction becomes somewhat arbitrary. For example, as part of the anterior segment mesenchymal dysgenesis (ASMD) resulting from abnormalities in the PITX3 gene (14) inherited cataracts may be isolated in some family members and associated with additional findings in others.
Hereditary Mendelian cataracts are most frequently autosomal dominant, but can also be autosomal recessive or X-linked. Phenotypically identical cataracts can result from mutations at different genetic loci and may have different inheritance patterns, while phenotypically variable cataracts can be found in a single large family (15) . There are several classification systems that have been developed based on the anatomic location of the opacity, of which one is proposed by Merin (16) , in which cataracts are classified as total (mature or complete), polar (anterior or posterior), zonular (nuclear, lamellar, sutural, etc.), and capsular or membranous (Fig. 1 ).
Age-related cataract
In age-related cataracts, the lens is clear during infancy and remains clear until sometime after 45 or 50 years of age, when progressive lens opacities begin to form. Age-related cataracts almost certainly result from varying combinations of genetic predisposition and the cumulative damage of environmental insults on lens proteins and cells. Lens proteins are known to undergo a wide variety of alterations with age, and many of these are accelerated in the presence of oxidative, osmotic, or other stresses, which are themselves known to be associated with cataractogenesis (17) (18) (19) . Alterations of lens crystallins include proteolysis, an increase in disulfide bridges, phosphorylation, non-enzymatic glycosylation, carbamylation, deamidation of asparagine and glutamine residues, and racemization of aspartic acid residues among others (20) . These chemical modifications have been shown to be increased in cataractous lenses and to occur in animal models or in vitro under the same stresses epidemiologically associated with cataracts (21) . As crystallins are the major soluble structural proteins in the lens, they have been the subject of most studies of the aging lens. In humans, crystallins comprise three major classes encoded by multiple genes: the α-, β-and γ-crystallins, of which the latter two are part of a large gene family (22) . As the β-and γ-crystallins are subjected to environmental insults and accumulate damage over the lifetime of an individual, they begin to form irreversible aggregates rather than participating in normal intermolecular interactions, and eventually come out of solution. Usually, this slow denaturation of the crystallins results in their being bound by the α-crystallins, which have a chaperone-like activity (23) . However, while binding by α-crystallins maintains solubility of βγ-crystallins and reduces light scattering, it does not result in their renaturation and release into the cytoplasm. Rather, a plausible sequence of events that may lead to aggregation and cataractogenesis is that the aggregated crystallins are held in complexes that, while soluble, increase in size as additional damaged protein is bound over time until they themselves become large enough to scatter light (23, 24) . Eventually, the available α-crystallin is overwhelmed by increasing amounts of modified βγ-crystallins and the complexes precipitate within the lens cell, forming the insoluble protein fraction that is known to increase with age and in cataractous lenses. Age-related cataract is associated with a number of environmental risk factors (25) , and some lifestyles seem to show a protective effect, although this has not been borne out by all studies (26, 27) (Table 1) . Overall, these studies have not only identified a number of potentially correctable risk factors for age-related cataract, but also suggest that nuclear, cortical and posterior subcapsular cataracts might have distinct but overlapping pathogenic mechanisms. Epidemiological evidence also suggests that genetic factors are important risk factors for age-related cataract (Table 2 ) (28).
Overview of cataract genetics

Mendelian or familial cataract
Most isolated cataracts inherited as Mendelian traits occur at birth or childhood and conversely most congenital cataracts are inherited as Mendelian traits (5) . There are currently about 45 genetic loci to which isolated cataracts have been mapped with specific genes identified in 38, although the number is constantly increasing (Table 3) . Some are also associated with additional abnormalities in some affected individuals, including mutations in genes encoding transcriptional activators, CRYAB (myopathy) and ferritin light chain (FTL) hyperferritinemia-cataract syndrome (Table 1 ). In addition, mutations in some genes, e.g. some crystallin mutations, can cause early and severe damage to the lens, often associated with microcornea and even microphakia. About 10% of mapped cataract loci have not had causative genes identified, with the remainder reflecting critical processes in lens biology. About half show mutations in lens crystallins, 10% have mutations in transcription factors, 15% in connexins, 5% each in intermediate filaments or aquaporin 0, and 10% in a variety of other genes. Inheritance of the same mutation in different families or even the same mutation within the same family can result in radically different cataract morphologies and severities, suggesting that additional genetic or environmental factors might modify the phenotype. Conversely, cataracts with similar or identical morphologies can result from mutations in quite different genes, perhaps relating to clinical cataract being a final common pathway for a variety of different initial insults.
Mendelian cataracts reflect lens biology
Developmental or transcription factors
Perhaps the primary factor in eye development is PAX6, a paired box and homeo box domain protein, critical for eye development. While most mutations in PAX6 cause aniridia or Peter's anomaly, they can also cause isolated cataract. Mutations in other transcription factors including FOXE3, EYA1, PITX3, VSX2, MAF, and NHS can also cause cataract. Mutations in these genes also can be associated with broader defects including microcornea, colobomas of the irides, microphthalmia, corneal defects, and ASMD. An apparent exception to this general rule is HSF4 , which regulates transcription of heat-shock proteins, including lens αB-crystallin (29) . HSF4 mutations are associated with both autosomal-dominant and recessive cataracts. Interestingly, the dominant mutations in HSF4 lie within the α-helical DNA-binding domain, whereas the recessive mutations lie outside this highly conserved functional domain.
Additional genes implicated in developmental processes but not themselves transcription factors can also cause cataracts when mutated, including EPHA2 , a member of the ephrin receptor subfamily of protein-tyrosine kinases. Mutations in EPHA2 can cause not only both dominant and recessive congenital cataracts, but surprisingly are also implicated in age-related cataract. Mutations in TDRD7 , a Tudor domain RNA-binding protein component of RNA granules that interact with STAU-1 ribonucleoproteins, also cause cataract (30). Genes required at high levels for specific processes in lens development have been implicated in cataract. Mutations in FYCO1 , a scaffolding protein active in microtubule transport of autophagic vesicles, are responsible for autosomal-recessive cataracts, suggesting that autophagic vesicles are important in organelle degradation in developing lens fiber cells. Mutations in GCNT2 , the I-branching enzyme for poly-N -acetyllactosaminoglycans responsible for converting the juvenile 'i' to the adult 'I' blood type, also cause autosomal-recessive cataract. Mutations in CHMP4B , part of the endosomal sorting complex required for transport, cause posterior polar or subcapsular cataract. Synthesis of large amounts of membrane components is required for fiber cell differentiation, and mutations in acylglycerol kinase (AGK ), a lipid kinase catalyzing synthesis of phosphatidic and lysophosphatidic acids, and LIM2 , a lens-specific cell junction membrane protein, cause cataract.
Circulation of water and small molecules is important for lens homeostasis, and mutations in SLC16A12 , a transmembrane transporter active in monocarboxylic acid transport, can cause dominant cataracts. More directly, mutations in aquaporin 0 (AQP0 or MIP ) are a common cause of Mendelian cataract of various morphologies. Two of the mutations, E134G and T138R appear to act by interfering with normal trafficking of AQP0 to the plasma membrane and thus with water channel activity. Both interfere with water channel activity by normal AQP0, consistent with a dominant negative mechanism for the autosomal-dominant inheritance of the cataracts. A chromosomal translocation affecting TMEM114 , a transmembrane glycoprotein related to calcium channel gamma subunits, causes cataract. GJA3 and GJA8 (encoding connexins 46 and 50) are constituents of gap junctions, also critical for nutrition and intercellular communication in the lens, together account for about 15% of cataract families. Mutations in both GJA3 and GJA8 tend to produce phenotypically similar autosomal-dominant nuclear and especially zonular pulverulent cataracts.
BFSP1 (CP115 or filensin) and BFSP2 (CP49, phakinin) are highly divergent intermediate filament proteins that combine in the presence of α-crystallin to form beaded filaments, a type of intermediate filament unique to lens fiber cells. Both dominant and recessive cataracts have been associated with mutations in BFSP2 , with the dominant cataracts caused by missense or in-frame deletion mutations and the recessive by a frameshift nonsense mutation. The dominant cataracts are nuclear or nuclear lamellar, consistent with fiber cell-specific expression of the beaded filament proteins while the recessive cataracts are cortical.
Lens crystallins are a rich target for cataract mutations
If examination of the genes implicated in congenital cataracts provides insight into those biological pathways important for lens transparency, the frequency of crystallin mutations as a cause of inherited cataracts assigns them a major role in this process. Mutations in the αA-crystallin gene CRYAA can cause both autosomal-recessive cataracts, associated with a chain termination mutation near the beginning of the protein predicted to undergo nonsense mediated decay, and autosomal-dominant cataracts, which tend to be associated with non-conservative missense mutations predicted to have a deleterious effect on lens cells.
Because αA-and αB-crystallin are found in the lens associated with large multimeric complexes and function similarly in vitro, one might expect that mutations in αB-crystallin would have an effect similar to those in αA-crystallin, at least in the lens. However, the first human mutation reported in αB-crystallin, a missense mutation that reduced αB-crystallin chaperone activity dramatically and caused aggregation and precipitation of the protein under stress, was associated with myofibrillar myopathy but only 'discrete' cataracts. The associated myopathy is probably due to the expression of αB-crystallin, but not αA-crystallin, in muscle cells, where it binds and stabilizes desmin. These results have been recapitulated in CRYAB knock-out and knock-in mice.
While α-crystallin mutations could contribute to cataract by reducing their chaperone activity, most mutations in the βγ-crystallins appear to result in abnormal protein structure, with consequent instability and a protein that aggregates and then precipitates from solution, possibly serving as a nidus for additional protein denaturation and precipitation and cataract. Mutations of γ-crystallins tend to produce nuclear cataracts, consistent with their early expression and high levels in the lens nucleus. Association of identical mutations in βB2-crystallin in different families with nuclear lamellar Coppock-like and cerulean cataracts emphasizes the importance of modifying genes in the phenotypic expression of these mutations. Some mutations in γD-crystallin have been shown not to damage the protein fold, but to change the surface characteristics of the mutant protein, lowering the solubility and enhancing their crystal nucleation rate (31) . This causes them to precipitate out of solution through hydrophobic interactions for the R36S mutation and by actually forming crystals in the lens for the R58H mutation. In a third mutation in γD-crystallin, R14C, the protein also maintains a normal protein fold, but is susceptible to thiol-mediated aggregation (32) . These results emphasize that crystallins need not undergo denaturation or other major changes in their protein folds to cause cataracts.
Finally, the hyperferritinemia-cataract syndrome, in which cataracts are associated with hyperferritinemia without iron overload, provides an example of the consequences of inadvertent expression of an extraneous protein at crystallin-like levels. Mutations in the ferritin L (light chain) iron responsive element release the mRNA from translational control by the iron regulatory protein resulting in overexpression of ferritin with crystallization of ferritin in the lens and the consequent appearance of breadcrumb-like opacities in the cortex and nucleus. This emphasizes the requirement that crystallins must be exceptionally soluble and pack closely to avoid causing dysfunction.
Age-related cataract and lens homeostasis
Linkage studies and adult-onset Mendelian cataracts A number of inherited cataracts with delayed ageat-onset or progression of the opacity throughout life have been described, including juvenile cataracts from mutations in BFSP2 , SLC16A12 , TMEM114 , MAF , aquaporin-0 (MIP), γC-crystallin, and the CAAR locus. These examples seem to imply that a mutation that severely disrupts the protein or inhibits its function might result in congenital cataracts inherited in a highly penetrant Mendelian fashion, whereas a mutation that causes less severe damage to the same protein or impairs its function only mildly might contribute to age-related or progressive cataracts, with either reduced penetrance or even a more complex multifactorial inheritance pattern. Similarly, mutations that severely disrupt the lens cell architecture or environment might produce congenital cataracts, whereas others that cause relatively mild disruption of lens cell homeostasis might contribute to age-related cataract.
Because of their reduced penetrance, multifactorial origin, and late onset, identification of genes contributing to age-related cataract has proceeded much more slowly than that for congenital and childhood cataract. The only genome-wide linkage scan carried out to date suggested a number of major and minor susceptibility loci for age-related cortical cataract in Caucasians (33) . The most statistically significant locus, on chromosome 6p12, maps close to a susceptibility locus for type 2 diabetes and retinopathy [OMIM #125853; OMIM (http://www.ncbi.nlm.nih.gov/omim/) and CatMap (http://cat-map.wustl.edu/) online databases], a known risk factor for age-related cortical cataract. A second locus was identified on chromosome 1p near the EPHA2 gene (see below).
Association studies
Galactosemic cataracts provide an interesting example of mutations severely affecting a gene causing early-onset cataracts whereas milder mutations simply decreasing its activity contribute to age-related cataracts (34) . Deficiencies of galactokinase (GALK1), galactose-1-phosphate uridyl transferase, and severe deficiencies of uridine diphosphate 1-4 epimerase cause autosomal-recessive cataracts as a result of galactitol accumulation and subsequent osmotic swelling. The 'Osaka' variant of galactokinase (A198V), resulting in instability of the mutant protein and responsible for mild galactokinase deficiency, is associated with a significant increase in bilateral cataracts in Japanese adults (35) . The Osaka variant allele frequency is 4.1% in Japanese overall and 7.1% of Japanese with cataracts. It has a lower incidence in Koreans and Chinese and is absent in blacks or whites from the United States or Northern Italians (36) . Similarly, heterozygous deficiency of GALK1 and galactose-1-phosphate uridyl transferase activity has been associated with increased risk of age-related cataract (37) . The GALK1 results fit in well with the known influence of hyperglycemia on age-related cataract, probably with an oxidative component or osmotic damage resulting from polyol accumulation. Consistent with this are animal data and association of susceptibility to cataracts as a diabetic complication in humans is with specific alleles of the aldose reductase gene (38) .
A second candidate gene for age-related cataract with strong support is EPHA2 in the chromosome 1 region identified by non-parametric linkage analysis (33) . This region overlaps loci for inherited forms of childhood cataract associated with mutations in the gene coding for Eph-receptor type-A2 (EPHA2), which functions in the ephrin cell signaling and axon guidance pathway (39) (40) (41) . Single-nucleotide polymorphisms (SNPs) in the EPHA2 region of chromosome 1 are associated with age-related cortical cataract, further suggesting that EPHA2 variants may underlie both Mendelian and agerelated forms of cataract (39, (42) (43) (44) .
In addition to GALK1 and EPHA2 , a number of loci and genes have been reported to be associated with agerelated cataract. Association of one of the first identified loci with age-related cataract, the null allele of the GSTM1 locus, has proved to be inconsistent (45) , as has that for GSTT1 . Alterations in the monocarboxylate transporter SLC16A12 are also implicated in juvenile cortical and nuclear cataract and have been associated with age-related cataract. In addition, inconsistent or unconfirmed association of the DNA repair genes WRN , XPD and XRCC1 , as well as HSF4 and the kinesin light chain 1 gene KCL1 have been reported with age-related cataract.
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